The metabolism of 2-amino-1-methyl-6-phenylimidazo [4, , the most abundant compound of the aminoimidazoazaarens (AIA) group of mutagens/carcinogens isolated from the crust of fried and broiled meat, was examined in freshly isolated hepatocytes from untreated rat, mouse, hamster, and guinea pig. Activation was evaluated by the total level of covalent binding of PhIP to macromolecules. Rat hepatocytes had the lowest rate of metabolism, both to reactive and detoxified metabolites. The products were identified as 4'-PhIP-sulfate, PhIP-glucuronide, and N(OH)-PhIPglucuronide. The ring hydroxylation rate was much greater in mouse hepatocytes, the main products being 4'-PhIP-sulfate and 4-hydroxy-PhIP. The level of covalent binding in the mouse hepatocytes exceeded those of the rat and guinea pig at high doses of PhIP. An extensive metabolism was seen in guinea pig hepatocytes, the major products being 4'-PhIP-sulfate, 4'-O-PhIP glucuronide, PhIP-glucuronide, and N(OH)-PhIP-glucuronide. In addition, several other unknown metabolites were formed. However, the amount of covalent binding in guinea pig hepatocytes was similar to that in rat hepatocytes. Covalent binding of PhIP metabolites was highest in hamster hepatocytes. Three of the main metabolites were identified as 4'-PhIP-sulfate, 4'-O-PhIP-glucuronide, and PhIP-glucuronide, but several unknown PhIP metabolites also were formed. Only minor amounts of N(OH)-PhIP-glucuronide were produced in the hamster. The present study shows that both the direct detoxification of PhIP and further conjugation of the 2-hydroxylamino-PhIP to reactive and/or detoxifie,d metabolites are important for the resulting covalent binding. -Environ Health Perspect 102(Suppl 6):109-114 (1994) 
Introduction
Among the carcinogenic and mutagenic aminoimidazoazaarene (AIA) group of compounds isolated from the crust of fried meat, 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP) is the most abundant (1) (2) (3) (4) (5) (6) . Although PhIP is less potent in the Salmonella test than the quinoline-and the quinoxaline-AIA compounds, it has been shown to be an equally potent genotoxin in mammalian cells both in vitro and in vivo (7) (8) (9) (10) in rats (11) and abdominal lymphomas in mice (12) . In a series of previous studies, we have characterized the metabolic pathways of PhIP leading to mutagenic activation and detoxification (10, (13) (14) (15) (16) . In these studies we have used whole rats, isolated rat hepatocytes, subcellular fractions, and purified enzymes. Other groups have studied PhIP activation in liver and colon tissues from humans and PhIP metabolism in mice (17) (18) (19) .
We have previously reported that 2-hydroxamino PhIP appears to be the principal metabolite leading to mutations in Salmonella and DNA damage in mammalian cells (10) . The proximate metabolite can be further conjugated to glucuronic acid (15) . Ring hydroxylation of the phenyl ring in position 4' followed by sulfation appears to be the main detoxifying pathway in the rat and the mouse (14, 19) . Both oxidations are P450 dependent, the rat liver P4501A2 being most active in the Nhydroxylation, while the P4501A1 is the principal enzyme hydroxylating the ring in position 4' (14, 18) .
The metabolism of PhIP will influence its genotoxic and carcinogenic effects in vivo. Thus, characterization of the metabolism is important for the extrapolation of effects of PhIP in animal experiments to the human situation. We have found the use of hepatocytes in studies on metabolism particularly valuable because this experimental system takes into account the role of possible competing pathways and phase 2 metabolism (20, 21) .
In the present study, we have examined the metabolism and covalent binding to macromolecules of PhIP in hepatocytes isolated from four different rodent species, and we find large quantitative as well as qualitative differences between species. 
Materials and Methods

Chemicals
Results
As previously reported (13, 15) , hepatocytes from untreated rats metabolized PhIP at a relatively low rate and to few metabolites ( Figure 1 ). Hepatocytes from mouse only produced one major metabolite, the 4'-PhIP-sulfate. Low levels of metabolites with unknown structure were also recorded.
Hamster hepatocytes and in particular guinea pig hepatocytes transformed PhIP into numerous metabolites. Some of these were identical to those isolated after incubation of PhIP with hepatocytes from PCB-pretreated rats [ (13, 15) ; unpublished data[. In all species 4'-PhIP-sulfate was the dominating detoxication product. However, the 4'-PhIP-O-glucuronide [previously identified in PCB-pretreated rat hepatocytes (unpublished data) and in mice (19) ] was equally abundant in the guinea pig. Three different PhIP glucuronides yielding PhIP upon hydrolysis with ,B-glucuronidase have previously been isolated from untreated and PCB-pretreated rat hepatocytes (unpublished data). Both rat and hamster hepatocytes produced one of these-PhIP-glucuronide3 ( Figure  2 ). In the guinea pig hepatocytes another PhIP-glucuronide was formed, PhIP-glucuronide2, and minor amounts of a third one, PhIP-glucuronidel ( Figure 2 ). PhIPglucuronide2 was the dominating PhIP glucuronide in PCB rat hepatocytes (unpublished data). Several unidentified metabolites of PhIP were also produced by the hamster and guinea pig hepatocytes. Traces of two of these metabolites were also seen in the mouse hepatocyte incubate (not shown). Unconjugated 4'-hydroxyPhIP was seen in all incubates. The levels of unconjugated metabolites did not seem to increase markedly with time, whereas the levels of conjugates increased linearly with time. Larger relative amounts of 4'-hydroxy-PhIP were seen in the hamster hepatocytes indicating saturation of conjugation reactions in these cells (Figures 2, 3) . The analytical method used in these experiments did not allow determination of the proximate metabolite 2-hydroxylamino-PhIP. However, the glucuronide conjugate of this metabolite was a major metabolite in all species except in the hamster, where only minor amounts could be detected (Figures 1-3) .
Metabolic activation to reactive intermediates that bound covalently to macromolecules in the hepatocytes differed greatly among the species examined ( 4). At the two lower doses (0.05 and 0.1 mM) of PhIP, binding was lowest in the rat hepatocytes, closely followed by hepatocytes from the mouse and guinea pig, whereas a much higher binding was seen in the hamster. At the higher dose (0.5 mM), the rat and guinea pig hepatocytes had comparable levels of binding, whereas the binding in the mouse hepatocytes was doubled. The hamster hepatocytes showed the highest binding of all species studied ( Figure 4 ).
Discussion
The resulting covalent binding of PhIP to macromolecules in the hepatocytes is determined by several factors. First, activation to the proximate metabolite 2-hydroxylaminoPhIP has to take place. This is a P450-dependent reaction, primarily involving the P4501A2, but also P4501A1, P4502C11, and a P4501A-like enzyme (14, 18, 26 (10) . Sulfation and other reactions may be as important (29) . It is also important to note that 2-hydroxylamino-PhIP can also be conjugated to glucuronic acid and thus escape further activation (15) . This pathway apparently operates with low efficiency in the hamster compared with the other species (Figures 2,3) . Metabolism by uninduced liver microsomes from rat showed nearly no detectable oxidative activity, whereas marked Nhydroxylating activity was seen in the guinea pig and the hamster liver microsomes, the former being more active (not shown). Thus, lack of further activation or increased detoxification of 2-hydroxylamino-PhIP may explain the low level of covalent binding in guinea pig hepatocytes. In addition, the ability to detoxify directly PhIP is also important for the resulting covalent binding and such pathways seem to be dominant in the guinea pig in relation to its large total metabolic activity.
Similar results were obtained in a previous study using acetylaminofluorene as a substrate (24) . In this study it was found that with acetylaminofluorene, guinea pig hepatocytes had the largest ability to detoxify acetylaminofluorene to water-soluble metabolites, and that covalent binding was highest in the hamster hepatocytes.
In PCB-pretreated rat hepatocytes, we have previously identified a glutathione (GSH) derivative of PhIP whose exocyclic amino group had been substituted by GSH probably as a result of the formation of 2-nitro-PhIP (15) . Furthermore, we also identified the PhIP-cysteinylglycin derivative in the incubations as a result of the yglutamyltransferase activity on PhIP-GSH. Although GSH in general does not appear to be an important detoxification pathway of reactive PhIP metabolites, PhIP-cysteinylEnvironmental Health Perspectives glycine was identified in the guinea pig hepatocyte incubations, indicating formation of 2-nitro-PhIP by the guinea pig.
PhIP apparently does not induce liver cancer either in rats or in mice (11, 12) , although hepatic adenoma in neonatal B6C3F1 mice (30) have been reported. Variable results on the appearance of PhIPinduced enzyme-altered foci in rat liver have been found (31, 32) . Carcinogenicity of PhIP has not been examined in hamsters and guinea pigs. The present study on PhIP metabolism suggests that the guinea pig would be resistant to PhIP related to liver carcinogenesis, as it is towards acetylaminofluorene (20) , because the rate of activation relative to detoxification of PhIP is low. In contrast, it might be expected that PhIP might cause liver cancer in the hamster. 
